A number of studies have investigated the molecular requirements of transcriptional activation mediated by histone acetyltransferases (HATs) for genes normally requiring their function (reviewed in references 11 and 65). Results from these studies with yeast reveal a complex network of genespecific and HAT-specific contributions to activation. Genespecific effects arise from differing chromatin environments and promoter architecture of individual genes, whereas HATspecific effects arise from distinct substrate specificities of these enzymes and their participation in multiprotein complexes. Understanding of the discrete roles of HAT complex subunits, as well as the significance of site-specific acetylation, is just emerging. The histone H3/H2B-specific HATs, Gcn5p and Sas3p, participate in HAT complexes distinct from each other and from the H4/H2A-specific HATs, Esa1p and Hat1p. Because requirements for HAT complex function vary from gene to gene, a central question in transcriptional regulation is how different HAT complexes bring about common steps in transcription, such as relief of chromatin-induced repression, formation of a preinitiation complex, and initiation of transcription.
A number of studies have investigated the molecular requirements of transcriptional activation mediated by histone acetyltransferases (HATs) for genes normally requiring their function (reviewed in references 11 and 65) . Results from these studies with yeast reveal a complex network of genespecific and HAT-specific contributions to activation. Genespecific effects arise from differing chromatin environments and promoter architecture of individual genes, whereas HATspecific effects arise from distinct substrate specificities of these enzymes and their participation in multiprotein complexes. Understanding of the discrete roles of HAT complex subunits, as well as the significance of site-specific acetylation, is just emerging. The histone H3/H2B-specific HATs, Gcn5p and Sas3p, participate in HAT complexes distinct from each other and from the H4/H2A-specific HATs, Esa1p and Hat1p. Because requirements for HAT complex function vary from gene to gene, a central question in transcriptional regulation is how different HAT complexes bring about common steps in transcription, such as relief of chromatin-induced repression, formation of a preinitiation complex, and initiation of transcription.
HATs can be targeted to specific gene promoters to regulate their transcription (reviewed in reference 11) and can exert more long-range effects through acetylation of extended genomic regions that are not promoter proximal (84) . One mechanism of HAT complex selectivity is recruitment to target gene promoters through interaction with gene-specific transcription factors (6, 12, 32, 47, 58, 59) . For example, Gcn5p acts in a temporal procession of transcription and chromatin remodeling factors to activate the HO endonuclease gene (25, 56) . In this case, the gene-specific transcription factor Swi5p first binds the HO promoter, followed by the SWI/SNF complex, and then the Gcn5p-containing SAGA complex. In contrast, the Gal4p transcription factor directly recruits SAGA to the GAL1 gene (6, 59) . Activation requires the SAGA subunit Spt3 and its ability to recruit TATA-binding protein (TBP) (32) , but unlike activation at HIS3 (57) , it is independent of Gcn5p activity (6, 59) . Because multiple gene-specific and HAT-specific effects are operating in these cases, it is difficult to distinguish common functional requirements for gene expression.
The composition of the Gcn5p-containing SAGA complex yields clues to key steps in activation that may be commonly required by HAT complexes. Of the 14 subunits now known to be present in the SAGA complex, 8 of these either are bona fide RNA polymerase II (Pol II) TFIID components (TAFs 17, 25, 60, 61/68, and 90) or interact with TBP (Spt3, Spt8p, and Ada2p) (4, 32, 35, 36, 75) , suggesting that recruiting or mimicking TFIID is important for activation. Thus, subunits present in SAGA are likely to modulate its activation potential at individual promoters.
We sought to define fundamental requirements for HATmediated gene expression in a context in which promoterspecific and HAT recruitment effects were minimized but which instead required overcoming repressive effects of silent chromatin, which are largely gene nonspecific. We directly targeted a panel of HATs downstream of a gene present in a telomeric chromosomal context that is not normally regulated by these HATs. We observed that some, but not all, HATs tested could alter gene expression. Further, reporter gene expression was not solely dependent on acetyltransferase activity of the targeted HAT, and it required HAT complex subunits known to associate with TBP. Due to the telomeric location of the URA3 reporter gene analyzed, these observations on HAT 
RESULTS
Targeted Sas3p and Gcn5p selectively increased expression of a silenced gene not normally responsive to these HATs. To test whether HATs can alter gene expression when targeted near a gene not normally requiring their function, HAT proteins were fused to an N-terminal GBD (GBD ) and directed to a telomere-proximal URA3 reporter gene harboring a downstream Gal4p binding site (UAS GAL ) (Fig. 1A) . In this telomeric location, the URA3 gene exists in an epigenetic transcriptional state that is capable of switching between active and silenced states. Upon binding of the HAT fusion protein to its cognate UAS GAL element, either increases or decreases in URA3 gene expression can be quantitatively monitored by a colony-based dilution assay (83) .
We began the targeting analysis with Sas3p, the catalytic component of the NuA3 complex that acetylates histone H3 (51) . We constructed a chimeric HAT in which GBD was fused to an extended HAT domain of SAS3 (encoding aa 17 to 639). When targeted to the telomere-proximal URA3 reporter gene, this GBD-Sas3p chimera significantly increased URA3 expression. This increased gene expression was observed as a Ͼ1,000-fold decrease in the number of CFU on 5-FOA-containing medium, compared to cells transformed with vector or GBD control plasmids (Fig. 1A, upper right panel) . Cells expressing the URA3 gene product are sensitive to the suicide substrate 5-FOA and are therefore unable to grow on medium containing this compound (9) . This level of URA3 expression is reminiscent of that observed in cells with deletions in the silent information regulator gene, SIR2, SIR3, or SIR4, which completely disrupt telomeric gene silencing (data not shown) (2) .
Several lines of evidence indicated that increased URA3 expression was not due simply to elevated dosage of the GBDSas3 fusion protein, possibly causing nonspecific titration or inactivation of silencing factors. First, control strains expressing GBD-Sas3p but lacking the telomeric targeting sequence (ϪUAS) showed no detectable change in URA3 expression (Fig. 1A, lower right panel) . Second, chromosomal deletion of SAS3 did not affect repression of a telomeric reporter gene (70) , demonstrating its lack of direct involvement in telomeric silencing. Third, tethering GBD-Sas3p to the URA3-containing telomere did not increase expression of an independent reporter gene at a separate telomere (data not shown).
To test whether GBD-Sas3p-mediated URA3 expression was a general property of the MYST (named for yeast and human members MOZ, YBF2 [SAS3], SAS2, and Tip60) family of HATs (18, 31) , we assayed changes in URA3 expression upon targeting of GBD-Esa1p. Esa1p primarily acetylates nucleosomal histone H4 (24, 74) in the context of the NuA4 complex, which can mediate transcriptional activation in vitro (1). Although Sas3p and Esa1p are both MYST family HATs, they differ in cellular function, histone substrate specificity, and HAT complex composition (reviewed in reference 81). Targeted GBDEsa1p did not increase URA3 expression (Fig. 1A , upper right panel). Control experiments demonstrated that this Esa1p chimeric protein complemented the esa1 mutant temperaturesensitive phenotype and that it was expressed at a level similar to that of GBD-Sas3p and GBD-Gcn5p (Fig. 1B) . Thus, acetyltransferase activity of the targeted HAT was not itself sufficient for increased gene expression, even for a HAT with established roles in transcriptional activation (1, 34, 39, 69) .
To further investigate HAT substrate requirements for gene expression, the deposition-related H4-specific acetyltransferase Hat1p (55, 67) was examined in this assay. Like GBD-Esa1p, GBD-Hat1p failed to increase URA3 expression (Fig. 1A , upper right panel). However, this was probably not simply due to H3 versus H4 acetylation, since GBD-Sas2p, a MYST family histone H4-specific HAT (80) involved in silencing (64), increased URA3 expression to levels similar to those with GBDSas3p (data not shown). Importantly, the inability of GBD-Esa1p and GBD-Hat1p to elevate URA3 expression emphasizes that HAT-mediated gene expression in this assay was specific and not a universal property of HATs. It also demonstrated that HATs targeted to this telomeric location did not cause nonspecific steric hindrance to the proper assembly and function of telomeric silencing complexes.
Because histone substrate specificity and HAT complex composition contribute to transcriptional regulation, we tested whether GBD-Gcn5p elevated URA3 expression upon targeting. Gcn5p, like Sas3p, acetylates histone H3 primarily on lysine 14 (13, 46) . However, they apparently have distinct cellular functions, because whereas SAS3 and GCN5 null mutants are fully viable, cells with mutations in both genes are dead (46) . Gcn5p participates in several yeast HAT complexes (SAGA, Ada, and SLIK/SALSA) whose subunit compositions differ from that of Sas3p-containing NuA3 (41, 51, 68, 76) . We observed that GBD-Gcn5p increased URA3 expression to a level similar to that with GBD-Sas3p by colony growth assay (Fig. 1A , upper right panel).
Furthermore, steady-state URA3 mRNA levels were increased in cells expressing GBD-Sas3p and GBD-Gcn5p, as analyzed by RNase protection analysis (Fig. 1C) , confirming that the colony growth assay reflected changes in URA3 transcription. Fold changes upon targeting of Gcn5p and Sas3p are not large, due to the epigenetic regulation of the telomereproximal URA3 gene, where without the negative selection of 5-FOA, approximately 50% of cells express URA3 in an unperturbed state (2) .
To determine if GBD-Sas3p or GBD-Gcn5p caused increased histone H3 acetylation near the site of tethering, chro- (22) . The URA3 cassette (0.8-kb URA3 gene with approximately 300-bp 5Ј and 65-bp 3Ј chromosomal flanking sequences) was engineered between a truncated chromosomal ADH4 gene on telomere VIIL and an 85-bp insert containing a single upstream activating sequence (UAS GAL ) recognized by the Gal4 protein. Circled T, telomeric sequences; arrow, URA3 transcription start site; pentagon, UAS GAL ; lunar landing module, GBD-HAT fusion protein; solid lines denote regions amplified by PCR in chromatin immunoprecipitation studies (Fig. 2) . The URA3 promoter region (Pro) and telomere-proximal region (UAS) are indicated. Lists of strains and plasmids used in this study are provided in Tables 1 and 2 . (B) In vivo expression levels of GBD-HAT fusion proteins determined by protein immunoblotting with anti-GBD antiserum. Lane 1, GBD-Sas3p; lane 2, GBD-Esa1p; lane 3, GBD-Gcn5p. Positions of molecular mass markers are noted at right. (C) URA3 mRNA levels in cells expressing GBD-HAT fusion proteins determined by an RNase protection assay. URA3 mRNA levels are represented in graphical form from cells expressing the GBD control (LPY 4942), GBD-Sas3p (LPY 4948), GBD-Gcn5p (LPY 4950), or GBD-Esa1 (LPY 5830). Quantitation was performed using ImageQuant software (see Materials and Methods for details). Percent increases in GBD-Sas3p, GBD-Gcn5p, and GBD-Esa1p (negative control) were plotted for each targeted HAT and were calculated by determining the ratio of URA3 signal in cells expressing the GBD-HAT fusion proteins compared to the GBD control and then normalizing this to the respective ACT1 mRNA ratios. (70) . Analysis of histone H4 acetylation levels at the HAT-targeted telomere showed an increase at the UAS upon targeting of Esa1p compared to results with the control GBD plasmid (Fig. 2, right panel), although as noted above, there was no elevated expression of the URA3 gene. This observation is consistent with the hypothesis that acetyltransferase activity of a targeted HAT may not be the critical determinant of gene activation. As expected, H4 acetylation was clearly detectable at the less telomere-proximal Pro region of the targeted telomere in cells expressing the GBD control, and H4 acetylation was slightly increased upon targeting of GBD-Esa1p. Interestingly, targeted Gcn5p also increased histone H4 acetylation at the UAS and Pro regions, which may correlate with the loss of telomeric silencing upon targeting of this HAT. Acetyltransferase activity of the targeted HAT was not the sole determinant of increased gene expression. To test whether GBD-HAT enzymatic activity was important for increased URA3 expression, a catalytically inactive form of Sas3p (GBDsas3C323Ap) that fails to rescue the sas3⌬ gcn5⌬ synthetic lethality (46) was directed to the telomere. Surprisingly, GBDsas3C323Ap increased URA3 expression to the same level as that of wild-type GBD-Sas3p (Fig. 3A, right panel) . This indicated that full acetyltransferase activity of the targeted HAT was not strictly required for increased URA3 expression. To determine if elevated URA3 expression induced upon targeting of GBD-Gcn5p was also HAT independent, a mutant form of Gcn5p (KQL124-126AAA) that destroys HAT activity in the context of native SAGA and/or Ada complexes (85) was analyzed. Tethered GBD-gcn5(KQL) likewise increased URA3 expression similarly to wild-type GBD-Gcn5p (Fig. 3B, right  panel) . Thus, acetyltransferase activity of the targeted HAT was not solely required for URA3 expression in this context. These observations also demonstrate that HAT-independent activation was a property shared by both targeted Sas3p and Gcn5p. It is unlikely that another HAT is substituting for GBD-gcn5p activity at the telomere, because the elevated histone H3 acetylation at the site of tethering caused by wild-type GBD-Gcn5p was abolished in cells expressing mutant GBDgcn5p(KQL) (Fig. 2, left panel, UAS) .
Most evidence to date supports a correlation between HAT activity and transcriptional activation of genes requiring HAT complex function (reviewed in reference 11). However, in some cases, HAT enzymatic activity is not required for transcription (6, 33, 59) . Because several HAT complex components interact with, or participate in, the basal RNA Pol II machinery (42, 71) , determinants promoting HAT-independent gene expression may reside in the HAT complexes themselves. Indeed, maximal reporter gene activation by targeted Gcn5p requires Ada2p (16) . Although the GBD-gcn5p mutants examined here may retain some residual enzymatic activity in vivo, we considered the alternative possibility that a Gcn5p HAT complex component was contributing to URA3 reporter gene expression. Multiple subunits of the targeted HAT complex were required for increased gene expression. To determine whether tethered HAT-mediated gene expression was dependent on a HAT complex component, we focused on Gcn5p, whose transcriptional properties have been analyzed extensively. To determine if GBD-Gcn5p activation was operating though SAGA or SAGA-related complexes, we assayed URA3 expression in strains harboring chromosomal deletions in components of these Gcn5-containing HAT complexes. Deletion of several genes required for HAT complex integrity or optimal HAT activity revealed that deletion of SPT8, encoding a SAGA component that interacts with TBP (5, 42, 75), was a key factor in expression of the reporter gene. Deletion of SPT8 abrogated URA3 expression to control levels when mutant GBD-gcn5p (KQL) was tethered to the telomere (Fig. 4A, right panel) . This observation suggested that GBD-Gcn5p may be operating through SAGA and that a function provided by Spt8p was important for expression. Intriguingly, loss of Spt8p did not affect URA3 expression when wild-type GBD-Gcn5p was targeted to the telomere (Fig. 4A, right panel) . Thus, neither loss The inability of GBD-gcn5(KQL) to increase URA3 expression in an spt8⌬ strain was selective in that targeting of the HAT dead GBD-sas3(C323A) protein still resulted in 5-FOA sensitivity (Fig. 4A, right panel) , suggesting that loss of Spt8p did not cause a general defect in the transcriptional apparatus. Multiple isolates of GBD-Gcn5p and GBD-gcn5(KQL) were tested and were found to exhibit no detectable variability in URA3 expression (Fig. 4B) . Further, the inability of GBD-gcn5 (KQL) to increase URA3 expression was not due to decreased stability of the mutant HAT fusion protein in an spt8⌬ strain, because comparable amounts of wild-type and mutant GBDGcn5p proteins were detected by immunoblotting (Fig. 4C) .
The functional overlap of subunits within SAGA has been inferred from genetic and biochemical studies (reviewed in reference 42) where mutations in the Ada class of SAGA proteins (Gcn5, Ada2, and Ada3) or in the Spt class (Spt3p and Spt8p) individually have moderate but distinct phenotypes. However, in combination they exhibit more-severe phenotypes characteristic of mutations in Ada1p, Spt7p, or Spt20p, which disrupt SAGA integrity. We therefore tested whether deletion of SPT3 yielded results similar to that of deletion of SPT8.
Targeting of Gcn5p and Sas3p in an spt3⌬ strain shared several characteristics with that of an spt8⌬ strain. GBD-Sas3p and GBD-Gcn5p increased URA3 expression to similar degrees, whereas the GBD-gcn5(KQL) mutant was defective (Fig. 5, right panel) . Interestingly, targeting GBD-Gcn5p or GBD-gcn5(KQL) yielded variable URA3 expression (Fig. 5,  bottom panel) , which was not observed in an spt8⌬ strain. This variability correlated with levels of GBD-Gcn5 protein in spt3⌬ strains, as determined by immunoblotting (data not shown).
Analyses of SAGA-dependent transcription indicate a key role for Spt8p and Spt3p in TBP interaction (5, 6, 32, 59, 75) .
Because deletion of SPT3 yielded results similar to those of deletion of SPT8, recruitment of TBP may be a critical event in increased gene transcription mediated by a HAT-containing protein. To test this possibility, TBP was targeted to the URA3 gene in cells in which SPT8 or SPT3 was deleted. GBD-TBP strongly increased URA3 expression in the absence of Spt8p (Fig. 4, right panel) or Spt3p (Fig. 5, right panel) , demonstrating that direct recruitment of TBP bypassed the requirement for function of these proteins. This observation is consistent with previous studies demonstrating that direct recruitment of TBP and/or TFIID can promote transcriptional activation in yeast and mammalian cells (30, 86) . However, it is noteworthy that here the chimeric HAT or TBP was targeted to the 3Ј end of a gene, where its function must be transmitted to the URA3 promoter, more than 1 kb upstream. Such distant activation may occur by altered local chromatin structure or chromosome positioning that permits elevated URA3 expression or by physical association of the targeted fusion proteins with promoterbound sequence-specific activators through telomere looping (26) . Telomere looping may be particularly relevant to TBPinduced activation in this assay, because it would enable direct contact with the promoter-proximal TATA box.
The NuA3 HAT complex subunits Yng1p and Anc1p were not required for GBD-Sas3p-mediated gene expression. The Sas3p-containing NuA3 complex has been less intensively studied to date than have Gcn5p HAT complexes. To test whether the NuA3 subunits Yng1p or Anc1p perform functions analogous to those of Spt3p and Spt8p in this assay, we expressed GBD-Sas3p in strains bearing mutations in each of these genes. Yng1p is important for transcription of certain target genes in vivo and is postulated to mediate interaction of NuA3 with nucleosomes (45), although no role for interacting with TBP has been established. As shown in Fig. 6A (right panel) , deletion of yng1 did not impair URA3 expression by either wild-type or mutant GBD-Sas3p or Gcn5p. Because the GBDSas3 HAT fusion proteins are targeted to the telomere via association with the Gal4 UAS, it is not surprising that Yng1p function can be bypassed in this case. Likewise, TBP directly targeted to the telomere was still able to activate in the absence of YNG1 (Fig. 6) .
Anc1p is another NuA3 subunit identified through biochemical purification of the HAT complex from yeast. Although Anc1p is also present in RNA Pol II factors (43, 44) and the SWI/SNF chromatin remodeling complex (15) , its function in NuA3 is unknown. Deletion of anc1 did not impair URA3 expression by GBD-Sas3 or GBD-sas3(C323A) (Fig. 6B, right  panel) . However, it should be noted that anc1⌬ mutants had a modest sensitivity to 5-FOA, and even the GBD control strains grew poorly (Fig. 6B, right panel) . Thus, it appears that neither Yng1p nor Anc1p functions analogously to Spt3p and Spt8p in promoting targeted HAT gene expression. As more subunits are identified as bona fide members of the NuA3 HAT complex, as suggested by the mass-spectrophotometric profile of the biochemically purified complex (51), it will be important to test the contributions that these genes make to targeted HAT gene expression.
The sequence-specific activator Ppr1p was required for gene expression. Sequence-specific activators interact with TBPcontaining TFIID, as well as with HAT complexes (6, 12, 59, 61, 82) . We therefore tested whether targeted HAT-mediated URA3 expression required Ppr1p, the URA3-specific transcription factor. Ppr1p contains an activation domain related to that of Gal4p and is important for transcription of a URA3 gene in a telomeric location (3). Upon HAT targeting in a ppr1⌬ strain, URA3 expression was impaired by both GBD-Gcn5p and GBD-Sas3p (Fig. 7 , right panel) compared to results with PPR1 strains (Fig. 1A) . Gene-specific activators have previously been reported to recruit HAT complexes (reviewed in reference 11). However, in this case the HAT is already targeted to the gene through the GBD. Thus, this observation points to a role for a sequence-specific activator beyond that of simple HAT recruitment. Because our previous observations indicated that URA3 expression required Spt8p and Spt3p and because Spt3/Spt8p are known to interact with TBP and in some cases negatively regulate the activation ability of TBP (5), we tested whether TBP directly targeted to the telomere could bypass the requirement for Ppr1p. GBD-TBP increased URA3 expression even in the absence of Ppr1p (Fig. 7, right panel) , indicating that TBP recruitment in the context of a HAT complex may need an additional step(s) provided by a sequence-specific activator to promote transcription.
DISCUSSION
The data presented here demonstrate an unexpected plasticity of HAT-mediated gene expression and reveal fundamental molecular requirements for transcription shared by different HATs. The histone acetyltransferases Sas3p and Gcn5p increased gene expression in a context not normally responsive to these HATs (70, 79) . Gene expression was not solely dependent on acetyltransferase activity of the targeted HAT. In the case of targeted Gcn5p, either Gcn5p HAT activity or the SAGA HAT complex components Spt8p/Spt3p were required. Because Spt8p and Spt3p are known to interact with TBP (5, 6, 32, 59) , and directly targeted TBP was sufficient for URA3 expression in our assay, TBP recruitment is likely to be a critical determinant in HAT-mediated transcription. However, the context of TBP recruitment is important. Directly recruited TBP bypassed the requirement for Ppr1p, whereas TBP presumably recruited in the context of a HAT complex (through Spt8p/Spt3p or other HAT complex components) required the sequence-specific activator. Earlier studies demonstrated that Spt8p associates with TBP to negatively regulate its transcriptional activation function under specific conditions (5). Our observations suggest that a potential activation function provided by Ppr1p may be to alleviate some forms of TBP inhibition, without necessarily altering TBP occupancy.
The mechanism of gene expression we observed shares characteristics with several SAGA-dependent genes. Activation of the HO gene is accomplished through the sequential association of the sequence-specific transcription factor Swi5p, followed by the chromatin-remodeling complex SWI/SNF and SAGA (25) . The SAGA-dependent gene GAL1 is also depen- on September 8, 2017 by guest http://mcb.asm.org/ dent on a sequence-specific activator, Gal4p (6, 59) . However, in this case transcription is independent of Gcn5p but dependent on Spt3p (6, 32, 59) . ChIP analysis showed that Gal4p recruited SAGA to the GAL1 UAS. In cells in which SPT3 was deleted, SAGA was still recruited to the GAL1 gene (6, 59) , but the Pol II preinitiation complex did not form (6) and elevated transcription was abolished (6, 59) . A time course analysis of factors associating with the GAL1 gene upon induction further defined the role of SAGA in recruiting TBP, TFIID, and Pol II (14) . Upon induction with galactose, SAGA, Mediator, and TFIID sequentially bound the GAL1 gene. Disruption of SAGA by deletion of the HAT complex component SPT20 prevented Pol II binding at the GAL1 gene and blocked activation of the GAL1 gene but did not impair Mediator binding (14) . Thus, genetic and biochemical analyses of transcription factor binding at SAGA-dependent genes have established a correlation between Spt3p and TBP recruitment. Our studies suggest that this mechanism may be a common property of HAT-mediated transcriptional regulation. Elevated expression of the telomeric URA3 reporter gene by targeted Sas3p and Gcn5p also provides mechanistic insight into how boundaries of silenced chromatin may be regulated. Silencing is a form of transcriptional repression that affects regions of the genome in a largely gene-independent manner. Proteins that comprise silenced chromatin include the silent information regulator proteins (Sir1p, Sir2p, Sir3p, Sir4p) and Rap1p (72) . Cis-acting sequences have been identified that demarcate transcriptionally active and inactive regions and are termed boundary elements (reviewed in reference 27). These elements were identified by their ability to block the spread of silenced chromatin and often contain gene promoters or require transcription factors for boundary function (7, 8, 28, 29, 37, 38) . Of particular relevance is the tRNA gene boundary element to the right of the HMR silence mating-type locus (28) . Its boundary activity is weakened upon mutation of the tRNA promoter, Pol III transcription factors TFIIIC and TFIIIB, and the HATs Sas2p and Gcn5p (29) . This suggests that Sas2p and Gcn5p participate in restricting the spread of silenced domains.
The importance of chromatin-modifying proteins in boundary function is further supported by the identification of Sas2p, Gcn5p, and other SAGA components in a genetic screen for factors that block the spread of silencing at HMR (66) . Likewise, Gcn5p (23, 48) and Esa1p (23) have also been shown to antagonize silencing at the other silenced mating-type locus, HML. One model for boundary function is that factors operating at boundaries actively modify chromatin through posttranslational processes, such as acetylation (27) . Two predictions of this model are that HAT-regulated boundaries are hyperacetylated and that they have different nucleosomal structure. Recent evidence has demonstrated extensive hyperacetylation (23, 66) and altered nucleosome patterns (66) at the silenced HM loci upon targeting of specific HATs. Mechanistically, the antisilencing effect these HATs exert may perturb the balance of acetylation, by analogy to competing activities of the HAT Sas2p and the deacetylase Sir2p at the telomere (52, 78) , and/or may change the modification state of specific histone residues that regulate binding of silencing proteins (reviewed in reference 49). The ability of targeted Sas3p, Gcn5p, and Sas2p to selectively increase expression of the telomeric URA3 gene in our studies indicates that silenced chromatin near the targeting site can be disrupted upon targeting of these HATs.
Boundaries that define chromosomal domains may arise through diverse mechanisms. Ishii and Laemmli (48) have proposed distinctions among heterochromatic protection activities, which they define as boundary activities (unidirectional disruption of silencing), transcriptional activation, and desilencing activities (bidirectional disruption of silencing). In this context, our studies reveal locus-specific differences in HATmediated desilencing activities. We observe that targeted Esa1p does not disrupt silencing at the telomere, whereas this HAT does impair silencing upon targeting to the HML locus (23) . Furthermore, we observe that the antisilencing activity of Gcn5p targeted to a telomere does not solely require its HAT enzymatic activity, whereas it does when targeted to HML (23) . Differences in HAT requirements in boundary function are reminiscent of differential requirements for SAGA subunits in regulating transcription of euchromatic genes, such as GAL1, HIS3, and INO1. Despite these differences, TBP recruitment may be a convergent function for various HAT complex components.
The molecular dissection presented here is relevant both for understanding principles of transcriptional regulation and for yielding insight into diseases where HAT genes are present as chromosomal translocations (reviewed in reference 50). Many of the chimeric proteins encoded by HAT-containing translocations implicated in human diseases have novel combinations of chromosomal targeting and HAT modules contributed by different genes. This suggests that the aberrantly fused modules may alter normal gene expression through mistargeting of HATs to additional genes or through misregulated chromosomal association and/or function of these HATs at genes where they normally function.
The evolutionary conservation of sequence-specific activators, RNA Pol II basal transcription components, and HAT complex subunits suggests that the observations reported here may provide direction to mammalian experiments aimed at understanding and treating cancers associated with these HAT-containing translocations. For example, MOZ, a human homolog of SAS3, has been identified in patients with acute leukemias as a recurrent translocation partner with different transcriptional coactivators, including CBP, p300, and TIF2 (10, 17, 19, 20, 53, 62) . MOZ has also been shown to bind AML1, a key hematopoetic transcription factor, and to activate AML1-dependent genes (54) . In parallel with our observations, acetyltransferase activity of MOZ appeared dispensable for AML1-dependent transcription (54) . Thus, an important consideration raised by our studies and those of others (21, 54, 60) is that domains besides the HAT motif can play crucial roles in the aberrant function of the chimeric translocationencoded protein.
